The structure of the glass 2MgO-2Al 2 O 3 -5SiO 2 -TiO 2 was investigated using neutron diffraction with isotopic substitution. Reverse Monte Carlo (RMC) modeling was used to reproduce experimental structure factors derived from diffraction experiments. The local environment of titanium atoms was determined and it corresponds to an average of 5.4 ± 0.2 oxygen atoms at a mean distance of 1.86 ± 0.02Å. This coordination number agrees with the predominance of fivefold coordination, with the coexistence of four-and sixfold coordination in similar amounts.
Introduction
Among the important questions in physics is the reorganization of structure from an ordered to a disordered material. In this context, the nucleation and crystallization of a glass is still a debated issue since classical nucleation theory fails to give a quantitative description. Such discrepancies come in part from the lack of structural investigations at the atomic scale [1] . The nucleation process is often improved by the addition of nucleating agents in glasses, which promote bulk nucleation and increase nucleation kinetics. Titanium is considered as one of the most efficient nucleating agents for the production of silicate glass-ceramics [2] . However, the titanium structural environment in glass compositions relevant to industrial applications and its influence on the overall glass 5 Author to whom any correspondence should be addressed. structure have been poorly characterized. The objectives of this study are thus to characterize in detail the glass structure and especially the Ti environment in order to elucidate possible relationships between structure and nucleation.
In silicate glasses, Ti atoms exist in a variety of structural states, showing remarkable behavior as an intermediate between well-defined network-forming and network-modifying cations. The environment of titanium has been mainly investigated in the TiO 2 -SiO 2 binary system [3] [4] [5] and Ti-bearing alkali or alkaline-earth silicate glasses [6] [7] [8] [9] [10] [11] [12] . All these studies show that titanium atoms are present in the glass with multiple coordination numbers from four to six.
TiO 2 -SiO 2 binary glasses have been mainly investigated using Ti K-and L-edges and O K-edge x-ray absorption spectroscopy (XAS) [4, 12, 13] . At low TiO 2 content (up to 6 mol% TiO 2 ), TiO 2 -SiO 2 glasses contain predominantly fourfold-coordinated titanium atoms, [4] Ti, and Ti is assumed to substitute for silicon in tetrahedral units. As the TiO 2 content increases and exceeds 6 mol%, the amount of fivefoldcoordinated, [5] Ti, or sixfold-coordinated, [6] Ti, titanium atoms increases.
Similar behavior has been observed by XAS for alkalineearth glasses but with a higher average coordination number of Ti ranging from 4.8 to 5.8 [9, 12] . In highly polymerized networks, a significant amount of [4] Ti atoms is present, while it decreases below 10% in highly depolymerized networks. As for sixfold-coordinated titanium atoms, their presence remains minor and they are even sometimes excluded [12] . Sodium silicate glasses have a mix of [4] Ti and [5] Ti up to 14.3 wt% TiO 2 , and then only [5] Ti. Potassium silicate glasses have the same behavior with more [4] Ti, indicating that large alkali cations appear to stabilize a relatively low average Ti coordination number compared to the smaller alkaline-earth cations [12, 14] .
The fivefold coordination site has been unambiguously determined by neutron diffraction using Ti isotopic substitution and it corresponds to an original symmetry of a square-based pyramid [15, 16] . Four oxygens at an average distance of 1.96Å form the base of the pyramid and one oxygen at a short distance of 1.68Å (known as a titanyl bond) is at the apex [16] . This titanyl bond is non-bridging, allowing Ti to play both a network-forming and network-modifying role in the structure. Note that a fivefold coordination geometry corresponding to a trigonal pyramid was only suggested in metamict zirconolite CaZrTi 2 O 7 , whose crystalline counterpart also contains this geometry [8] .
The Ti environment in alumino-silicate glasses has only been studied by Ti K-edge XAS [9, 14] . Alkaline-earth alumino-silicate glasses with 5 mol% TiO 2 contain both [4] Ti and [5] Ti ( [5] Ti ∼ 60-75 ± 10% of the total Ti), while in alkali alumino-silicate glasses the presence of Al in the glass causes some [5] Ti to transform into [4] Ti, with a maximum of about 40% of [4] Ti. There is little evidence from XAS for a significant amount of [6] Ti (estimated <20%). The first studies on Mg-alumino-silicate glasses have been reinterpreted with the presence of major amounts of [5] Ti [9, [17] [18] [19] . Raman investigations suggest the formation of aluminotitanate complexes in alumino-silicate glasses, in which [4] Ti sites predominate [20] .
These studies show that the titanium environment in alumino-silicate glasses has still been poorly characterized and in particular the medium-range order (3-15Å) remains unknown. Glasses in the MgO-Al 2 O 3 -SiO 2 system are the most common compositions from which low dielectric constant commercial glass-ceramics are derived [21] . The use of TiO 2 as a nucleating oxide is well recognized but the titanium structural role and its spatial distribution in the initial glass is not understood. In this paper, we focus on the cordierite composition (2MgO-2Al 2 O 3 -5SiO 2 ) that has important technological applications.
As has been shown previously, neutron diffraction with isotopic substitution is a powerful method to obtain structural information around titanium atoms in amorphous materials [15, 16, 22] . In the present study, we aim to characterize the Ti environment and its structural influence on a magnesium alumino-silicate glass using this method. Additional information was obtained using x-ray diffraction and 27 Al nuclear magnetic resonance (NMR). Computer modeling of the diffraction data was performed using the reverse Monte Carlo method to provide a structural model of the 2MgO-2Al 2 O 3 -5SiO 2 -TiO 2 glass. The detailed Ti coordination is obtained showing the existence of a mixture of [4] Ti, [5] Ti and [6] Ti. The presence of TiO 2 modifies the alumino-silicate network, favoring the formation of fivefoldcoordinated aluminum atoms, [5] Al. The atomic model obtained by fitting the experimental data gives the spatial Ti distribution and shows the preferential edge-sharing bonds between TiO x and AlO 5 polyhedra, which is a structural key to understanding nucleation processes.
Experimental methods

Sample preparation
One glass sample with the cordierite composition 2MgO-2Al 2 O 3 -5SiO 2 (COR) and two glass samples with the molar chemical composition 2MgO-2Al 2 O 3 -5SiO 2 -TiO 2 (Ti-COR) were prepared by melting dried starting materials (MgO, Al 2 O 3 , SiO 2 and TiO 2 ). The first sample containing titanium was enriched in 46 TiO 2 (70.2%) and the second one with 48 TiO 2 (97.7%). Powders were melted at 1600
• C for 1 h in a Pt crucible and quenched from high temperature by immersing the bottom of the crucible into water. The obtained glasses were ground and melted once again to ensure a good homogeneity. The compositions were determined using an electron microprobe microanalyzer (CAMECA SX50) at the Camparis Centre (Université Pierre et Marie Curie, France). The densities were determined in toluene using the Archimedes principle with an accuracy of ±0.005 g cm −3 . The chemical compositions of the studied glasses are reported in table 1, as well as their densities.
The glass samples containing titanium exhibit a slight brownish color due to the reduction of some Ti 4+ ions to Ti 3+ ions. As trivalent titanium ions are the only ions with a free electron, we calculated their amount in the glass samples by using electron paramagnetic resonance (EPR) (Bruker), indicating less than 300 ppm Ti 3+ ions of total titanium atoms. Transmission electron microscope images (JEOL) confirmed the absence of nanometer-size heterogeneities (crystalline or amorphous).
Neutron diffraction with isotopic substitution
The neutron diffraction experiments for the two glasses containing titanium were carried out at room temperature using the General Materials Diffractometer (GEM) at ISIS (Rutherford Appleton Laboratory, UK). Approximately 5 g of glass powders were loaded into a cylindrical vanadium can. Data were corrected for background and container scattering, absorption, multiple scattering and inelastic effects using the GUDRUN software to obtain the structure factor F N (Q). The notation for the structure factors and correlation functions are explained in previous papers [23, 24] .
For neutron diffraction, the total structure factors of the studied glass samples are defined as
where c i represents the atomic concentration of species i ,b i represents the bound coherent scattering length for species i and F i j (Q) is the partial structure factor corresponding to the correlation between atoms i and j . The differential correlation function D N (r ) is obtained by Fourier transform of the total structure factor:
where M(Q) is a modification function to limit the effects of truncation. A Lorch function was chosen as the modification function [25] . The D N (r ) function is defined as a sum of the partial pair distribution functions (PPDFs), g i j (r ), corresponding to the correlation between atoms i and j :
where ρ 0 is the number density. Due to the different titanium isotopic content, the Ti bound coherent scattering length is different for the two samples: b 46 = 2.193 fm andb 48 = −5.636 fm, according to the isotopic content of the starting TiO 2 oxides. Therefore, their total structure factors,
Assuming that the structure of the two glass samples is equivalent, the first difference structure factor contains only the partial structure factors involving Ti [16, 26] :
Another difference structure factor eliminating the partial structure factors involving Ti can be calculated:
Although F noTi (Q) contains the contribution of Ti-Ti correlations, these correlations are negligible due to the low Ti content in the glasses. Therefore, this difference structure factor F noTi (Q) can be approximated as
Finally, the 'Ti-free' correlation function
X-ray diffraction
The x-ray diffraction experiments were conducted using a diffractometer (PANalytical X'Pert PRO) operating with a Mo Kα radiation (λ = 0.7093Å). Intensities were measured in the angular range 2
• , which corresponds to the Q range 0.3Å −1 < 2θ < 17Å −1 . Data were corrected for polarization and absorption, Compton scattering and normalized using the Krogh-Moe-Norman method to obtain the weighted structure factor F X (Q) [27] . For x-ray diffraction, the weighted total structure factor of the studied glass is defined as
where f i (Q) represents the Q-dependent x-ray scattering factor for species i . The Fourier transform is obtained as in equation (2) using an exponential function, exp(−α Q 2 ), with α = 0.005 as the modification function, which gives the differential correlation function D X (r ) for x-ray diffraction data.
27 Al high-resolution solid-state nuclear magnetic resonance
The 27 Al high-resolution NMR experiments have been conducted at 17.6 T (750 MHz) on a Bruker AVANCE spectrometer equipped with a high-speed MAS probehead (spinning rates 30 kHz, aluminum-free zirconia rotors of 2.5 mm diameter).
1D MAS spectra were acquired using a single short pulse ( p/10) to ensure a quantitative excitation and quantification of the 27 Al central transition [28] . The 2D multiple quanta magic-angle spinning (MQ-MAS) experiments [29] were acquired using the shifted-echo pulse sequence with acquisition and processing of the full echo [30] and synchronized acquisition of the indirect dimension [31] . Chemical shifts were referenced relative to an Al(NO 3 ) 3 1 M solution. As the T1 relaxation time of each species was estimated at a few hundred milliseconds, a 1 s recycling delay was used to ensure that the one-pulse MAS spectra was quantitative. 46 Ti-enriched and 48 Ti-enriched glasses, for the first difference structure factor F Ti (Q) and the second difference structure factor F noTi (Q). Curves have been displaced vertically for clarity.
Results
Neutron diffraction data
The neutron scattering structure factors for the two glasses containing titanium and for the difference structure factors, [32] . The intense peak at 2.66Å is mainly due to O-O correlations, as is the peak at 5.1Å. The peak at 4.1Å is due mainly to correlations between (Si, Al) and O second neighbors. The first peak of the D Ti (r ) function occurs at ∼1.86Å and corresponds to Ti-O distances. This peak is well separated from other contributions and is asymmetric at high r values.
The experimental mean coordination number around Ti, C N Ti , is determined using two distinct methods. First we calculated C N Ti from the Ti-O PPDF g TiO using the formula 
Consequently g TiO (r ) is expressed as
Using equation (10) , C N Ti is assessed between 1.6 and 2.5Å, giving a value of 5.4 ± 0.2. The second method to determine C N Ti was from a Gaussian fit of the first peak of the D Ti (r ) function, with the Gaussian function expressed as
The values C N Ti , R i (interatomic distance) and s i (standard deviation) are adjustable parameters. To account for the truncation effects in the Fourier transform, the Gaussian function is convoluted with P(r ), the Fourier transform of the modification function: with
if the modification function is a Lorch function, or
if the modification function is a step function. Due to the asymmetry of the peak around 2Å in D Ti (r ), three Gaussian functions were used, giving a C N Ti value of 5.45 ± 0.2.
Both methods thus give excellent agreement. It should be noted that the assignment of a Gaussian peak to a single Ti site (four-, five-or sixfold) is unsuccessful, probably due to the strong overlapping of these contributions, as can be seen in many crystalline references. The difference in the Mg-O content between the 48 Ti-and 46 Ti-enriched glasses can also lead to a residual Mg-O contribution whose effect is difficult to estimate. Between 2.6 and 5Å, contributions can be observed at 3.34 and 4.40Å in D Ti (r ). Due to the weight of the difference PPDFs, the peak at 3.34Å is likely associated with Ti-Si (and Ti-Al) contributions. Ti-Ti distances can be expected in this region but the weight of this pair is 10% that of the Ti-Si pair and it should appear as a negative contribution since this pair is weighted by (c The 'Ti-free' correlation function D noTi (r ) is very similar to the correlation functions D 46 (r ) and D 48 (r ) . This is related to the small amount of titanium atoms in the Ti-bearing glass, which represents only 3.2% of the total number of atoms and gives a weak contribution. 
X-ray diffraction data
Compared to neutron diffraction, which is mainly sensitive to correlations involving oxygen, x-ray diffraction gives a strong weight to correlations involving heavy atoms such as titanium. The x-ray structure factor for the Ti-COR glass, F X (Q), is plotted in figure 3 and its correlation function, D X (r ), is plotted in figure 4 . As the range of momentum transfer Q is narrower for x-ray diffraction than for neutron diffraction, the D X (r ) function is less resolved in real space than the neutron correlation functions. The first peak appears between 1.3 and 2.4Å with a shoulder at high r values. It corresponds to Si-O, Al-O, Ti-O and Mg-O correlations. Compared to neutron diffraction data, the strong O-O peak at 2.6Å is now a shoulder while the peak at 3.1Å is dominant in the x-ray diffraction data. This latter peak can be ascribed mainly to T-T correlations with T=Si, Al since the Ti-Ti contribution is expected at higher distances (see below).
Aluminum environment:
27 Al NMR data 27 Al NMR MAS and MQ-MAS spectra of COR and Ti-COR samples are shown in figure 5. They were deconvoluted using the DMfit Software [33] and the NMR parameters obtained for each site are reported in table 2. In both cases, we can distinguish three types of environment for the aluminum atoms: fourfold-, [4] Al, fivefold-, [5] Al, and sixfold-, [6] Al, coordinated aluminum atoms. In alumino-silicate glasses, aluminum atoms are substituted for silicon atoms in tetrahedral sites when associated with some 'charge balancing' cations, such as sodium, magnesium or calcium ions [34] . In the COR glass, enough Mg 2+ ions are present to charge-compensate the negative charge of the aluminate tetrahedra and, looking only to the glass composition, all aluminum atoms are expected to be [4] Al. However, it appears that significant amounts of [5] Al Figure 5 . 27 Al 1D NMR experimental spectra and the fitting models obtained with parameters given in table 2 (top) and contour plots of 27 Al MQ-MAS NMR spectra (bottom) for the (a) 2MgO-2Al 2 O 3 -5SiO 2 (COR) glass and for the (b) 2MgO-2Al 2 O 3 -5SiO 2 -TiO 2 (Ti-COR) glass. and [6] Al exist in this glass, as is observed in other Ca-aluminosilicate glasses [35] and Mg-alumino-silicate glasses [36, 37] . When introducing titanium in the melts, we observe a slight increase of the chemical shift (δ iso ) and of the quadrupolar coupling constant (C Q ) of each site that can be correlated to an increased distortion of the Al environment. More interesting, the total amount of [5] Al and [6] Al increases from 11 to 17% with the addition of TiO 2 . The same trend was observed in other glasses with different TiO 2 content (not presented): the higher the TiO 2 content the higher the amount of highly coordinated aluminum atoms.
Reverse Monte Carlo modeling
To propose a structural model for the studied glass, reverse Monte Carlo (RMC) modeling [38] was used by combining neutron and x-ray diffraction data and coordination constraints. The starting configurations for the simulation were obtained using molecular dynamics (MD) simulations (DL POLY code, www.ccp5.ac.uk/DL POLY/) [39] to provide more reliable models than those obtained by standard RMC modeling [37, 40] . The description of the interaction potential and its parameters were taken from Guillot and Sator [41] and applied to a box of 4160 atoms with the nominal composition. This corresponds to a box size of 37.48Å, in agreement with the experimental density. The interaction potential for the Ti-O pair was adjusted to give a first Ti-O distance centered at 1.86Å. The calculations were performed in the NVT ensemble. The liquid was equilibrated at high temperature (3000 K) and then quenched to solid state with a cooling rate of 10 13 K s −1 . The final configuration obtained by MD was then used as the starting one in the RMC procedure. During the RMC modeling, all silicon atoms were constrained to be coordinated to four oxygen atoms. Aluminum atoms were constrained to be coordinated to four, five or six oxygen atoms with the proportions determined by 27 Al NMR. The RMC technique has been previously described [38] and consists of minimizing the squared difference between the experimental and calculated structure factors by moving the atoms randomly. This ultimately gives atomic models in quantitative agreement with experimental data. In the present study, both neutron (F 46 (Q), F 48 (Q) and D Ti (Q)) and xray diffraction (F X (Q)) data were used simultaneously to constrain the RMC fitting. As the signal-to-noise ratio is less in the x-ray diffraction data than those for neutron diffraction, a smaller weighting was used for the constraint on the fit of the F X (Q). The weights were 0.002 for the neutron diffraction data, 0.01 for the x-ray diffraction data, 0.001 to maintain SiO 4 coordination and 0.002 to fit the Al coordination to the NMR results.
Experimental structure factors and their RMC fits are compared in figures 1 and 3, showing the good quality of the fit. Coordination numbers (CN) were calculated from RMC modeling within a radius of 1.90, 2.25 and 2.80Å for Si-O, Al-O and Mg-O distances, respectively, corresponding to the first minimum in the PPDFs. Results are shown in table 3. As expected, all silicon atoms are coordinated by four oxygen atoms. Aluminum and titanium atoms present multiple coordination numbers and they can be coordinated by four, five or six oxygen atoms, with an average number around 4.08 for Al and 5.07 for Ti. The proportion in Al sites determined with RMC does not perfectly match the NMR results since small moves have been allowed (0.02Å) to avoid unphysical distortion of the polyhedra. It must also be noted that this coordination strongly depends on the cutoff distance and an Al-O cutoff of 2.55Å is needed to agree with the NMR results. Furthermore, the network connectivity is high, which limits important reorganization of the network compared to the initial MD model. The environment of magnesium atoms is distributed with four possible coordination numbers, from three to six, including four and five, and an average coordination number of 4.74.
Discussion
Effect of the introduction of titanium dioxide on the glass structure
The differential correlation functions for the COR glass and for the Ti-COR glass are compared in figure 4 for neutron ( figure 4(a) ) and x-ray diffraction ( figure 4(b) ). The experimental data and RMC modeling for the COR glass were presented in a previous paper [37] . The addition of 11.1 mol% TiO 2 does not significantly modify the structure. The first peak at 1.65Å is almost unchanged in the D N (r ) functions that are more sensitive to Si-O and Al-O correlations, except for a broadening at high r value. In the D X (r ) functions, this peak becomes wider, less intense and with a contribution at high r value as TiO 2 is introduced. The broadening can be correlated to the increase of quadrupolar coupling constants characteristic of aluminum environments and to the increasing amount of highly coordinated Al in Ti-COR, as shown by 27 Al NMR experiments. Indeed, longer Al-O distances are expected than for tetrahedrally coordinated Al. The shoulder at high r value is clearly due to the contribution of the titanium-oxygen correlation around 2.0Å. The D X (r ) function of the Ti-COR glass shows the appearance of a new contribution around 3.45Å. This peak corresponds to correlations between two cations, one of which is a titanium atom. Finally, we observe a shift toward longer distances of the third peak occurring around 4.5Å, which corresponds to the second mean cation-oxygen distance. 27 Al NMR results show a modification of the aluminosilicate network with the formation of highly coordinated aluminum atoms, mainly [5] Al, as TiO 2 is introduced. The presence of highly coordinated aluminum atoms is well established in alkaline-earth alumino-silicate glasses because alkaline-earth cations are less good charge compensators than alkalis [35] [36] [37] . However, quantitative evaluation of these species gives lower [5] Al and [6] Al content for the COR glass than for the Ti-COR glass. In the presence of TiO 2 , titanium atoms can compete favorably with aluminum atoms for charge compensation. Different studies tried to establish a correlation between the presence and amount of highly coordinated aluminum species and the variation of viscosity or glass transition temperatures [35, 42] . It seems that the presence of [5] Al species in melts can often be associated with a low viscosity. In our case, the formation of these Al species can partly explain the decrease of the glass transition temperature observed with increasing titanium content [43] . The presence of [5] Al species should also contribute to the distortion and weakening of the network. The environment of magnesium atoms is slightly modified by the introduction of TiO 2 . The Mg-O PPDF is plotted in figure 6 (a) and compared with the Mg-O PPDF obtained for the COR glass [37] . The peak position is similar between the two PPDFs but the full width at half-maximum is slightly wider (0.3Å) for the Ti-COR than for the COR glass (0.28Å). There are also differences in the mean coordination numbers, with values of 5.10 and 4.74 in the COR [37] and Ti-COR glasses, respectively. This decrease of the coordination number for Mg atoms when titanium is introduced in the cordierite glass is confirmed by the decrease of the intensity of the peak occurring at 2.05Å on the 'Tifree' correlation function, D noTi (r ), compared to that on the correlation function for the COR glass. In the Ti-COR glass, a significant amount of Mg atoms occupy tetrahedral sites. This suggests that Mg atoms can compete with Al atoms in network-forming positions. Therefore, they are not available for the charge compensation of (AlO 4 ) − tetrahedra anymore and Al atoms are constrained to occupy fivefold-or sixfoldcoordinated sites. The amount of non-bridging oxygen (NBO) atoms can be calculated from the RMC model. As Al and Ti atoms can both be considered either as network formers or as network modifiers, we define an NBO atom as an O atom bonded only to one Si, Al or Ti atom. We find for the RMC model that the number of NBO atoms represents about 7% of the total number of oxygen atoms. The model also shows that these NBO atoms tend to be connected to silicon atoms rather than aluminum or titanium atoms. Such an affinity for NBO to be linked with Si atoms has already been determined in calcium alumino-silicate glasses [44] . Recent studies have shown that the presence of NBO for such composition results from the presence of highly coordinated Al that are favored in the liquid state [35, 42] . In the present case highly coordinated Ti species also promote the formation of NBO.
Short-range order around titanium atoms
The mean Ti-O distance of 1.86Å (table 3) is consistent with previous measurements by EXAFS in alumino-silicate glasses [9] and the asymmetry of the first Ti-O peak comes from the presence of several coordination numbers for Ti atoms with different sets of Ti-O distances. This is proven by the requirement to use several Gaussian functions to fit the first Ti-O peak and confirmed by the RMC fit. This shows that titanium atoms are present with different coordination numbers varying from four to six, including five. [5] Ti species in amorphous materials occupy either a square-based pyramidal [9, 15, 16] or a trigonal bipyramidal [8] environment. In our glass, the existence of a TiO 5 square-based pyramid cannot be unambiguously ascribed. Gaussian fits (not shown) using either a square-based pyramid or a trigonal bipyramid give similar agreement.
Two independent ways of determining the coordination number are explained in section 3.1. They both give a coordination number for titanium atoms of 5.45 oxygen neighbors. This is also in good agreement with the RMC results, giving a value of 5.07. In the RMC model the coordination distribution can be resolved, giving 21% of total titanium atoms in fourfold coordination, 51% in fivefold coordination and 28% in sixfold coordination. All methods used to determine the coordination number distribution for Ti atoms agree on the predominance of [5] Ti, with the coexistence of [4] Ti and [6] Ti in similar amounts. This is an important difference with other alkaline or alkaline-earth silicate glasses (see [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ) that usually present a strong preference for [5] Ti with minor amounts of [4] Ti. This corresponds to several structural positions for titanium atoms within the glass structure, network former or either network modifier.
Medium-range order around titanium atoms
Comparing the correlation functions for both the COR glass and the Ti-COR glass obtained from x-ray diffraction, a widening of the second peak occurring at 3.1Å is observed and a small shoulder appears at approximately 3.45Å. This shoulder results from the correlations between the titanium atoms and the other cations (Si, Al, Mg, Ti). As the sensitivity of x-ray diffraction to a specific atom increases as its atomic number increases, the method particularly highlights Ti-Ti correlations and we can suggest that the nearest Ti-Ti distance occurs at approximately 3.45Å. The Ti-Ti PPDF obtained from the RMC modeling ( figure 6(a) ) is noisy due to the low Ti atomic concentration and the small constraints on this pair in the diffraction functions. The Ti-Ti distance shows that Ti polyhedra tend to be linked by corner sharing rather than by edge sharing, which will lead to shorter Ti-Ti distances. This means that Ti atoms are not closely packed, as they usually are in crystalline TiO 2 polymorphs (rutile, anatase and brookite) [45] . Therefore, considering both the correlation function for the Ti-bearing glass obtained from xray diffraction and the RMC model, we do not see evidence for the aggregation of Ti atoms into Ti-rich areas in the Ti-COR glass. This phase separation between a Ti-rich zone and an Si-rich zone is usually believed to be responsible for the homogeneous crystallization of Ti-bearing alumino-silicate glasses [2, 46] .
The RMC modeling of the COR glass indicates that the highly coordinated aluminum atoms tend to aggregate to form clusters of a few AlO 5 entities [37] . The same trend is also observed in the Ti-COR glass. Furthermore, the model shows that the distance between these highly coordinated Al atoms and Ti atoms is shorter (2.9Å) than that measured between [4] Al atoms and titanium atoms (3.2Å) ( figure 6(a) ). This indicates that highly coordinated aluminum atoms tend to share edges with Ti polyhedra (figure 6(b)) while [4] Al are linked with Ti polyhedra by corner sharing. This result has important implications for understanding nucleation of alumino-silicate glasses. Indeed, crystals in the MgTi 2 O 5 -Al 2 TiO 5 solid solution usually precipitate during the nucleation of Tibearing magnesium alumino-silicate glasses [46] . These phases are built from edge-shared MgO 6 , AlO 6 and TiO 6 octahedra [47, 48] . Therefore, this preferential edge-sharing bond shown in figure 6(b) between highly coordinated Al atoms and Ti atoms can act as the seeds for the formation of nuclei in alumino-silicate glasses, especially, since highly coordinated Al atoms represent one-sixth of the total amount of Al atoms in the glass.
Conclusions
The environment of titanium atoms was investigated in a magnesium alumino-silicate glass using neutron diffraction with isotopic substitution, combined with x-ray diffraction and reverse Monte Carlo (RMC) modeling. In the 2MgO-2Al 2 O 3 -5SiO 2 -TiO 2 glass, titanium atoms have an average coordination number of 5.4 ± 0.2 and they are surrounded by four, five or six oxygen atoms. The fivefold coordination predominates but there is no experimental evidence to distinguish between a square-based pyramid or a trigonal bipyramid. The introduction of titanium dioxide in this magnesium alumino-silicate glass mainly affects the amount of five-and sixfold-coordinated aluminum atoms that increases when the titanium content increases. The RMC model shows that these highly coordinated aluminum atoms tend to be located next to the titanium atoms and that the TiO x , with x = 4, 5 or 6, and AlO 5 polyhedra are sharing edges. We propose that this preferential linkage is a structural key to understand the role of titanium dioxide as nucleating agent in inorganic glass-ceramics fabrication.
